The performance improvement of conventional CdTe solar cells is mainly limited by doping concentration and minority carrier life time. Alloying CdTe with an isovalent element changes its properties, for example its band gap and behaviour of dopants, which has a significant impact on its performance as a solar cell absorber. In this work, the structural, optical, and electronic properties of CdTe 1-x Se x films are examined for different Se concentrations. The band gap of this compound changes with composition with a minimum of 1.40 eV for x = 0.3. We show that with increasing x, the lattice constant of CdTe 1-x Se x decreases, which can influence the solubility of dopants. We find that alloying CdTe with Se changes the effect of Cu doping on the p-type conductivity in CdTe 1-x Se x , reducing the achievable charge carrier concentration with increasing x. Using a front surface CdTe 1-x Se x layer, compositional, structural and electronic grading is introduced to solar cells. The efficiency is increased, mostly due to an increase in the short-circuit current density caused by a combination of lower band gap and a better interface between the absorber and window layer, despite a loss in the opencircuit voltage caused by the lower band gap and reduced charge carrier concentration.
Introduction
Recent improvements in CdTe solar cell efficiency were mainly reached by increasing the short-circuit current density (J SC ) in state-of-the-art superstrate solar cells. The J SC is already close to its theoretical limit [1] and the record cells by First Solar show a potential to go beyond 22% efficiency by modifying the band gap [2] . Further improvements are mainly expected from a higher doping concentration and a longer minority carrier life time. Improvement of both these factors should increase the open-circuit voltage (V OC ). The CdTe 1-x Se x alloy has been shown to have higher carrier life times than CdTe [3] . In this work, we focus on the other contribution to improving V OC by investigating the doping concentrations achievable in this alloy. If the p-type doping can be increased, the quasi-Fermi level for holes is shifted further towards the valence band, thereby improving the V OC [4] .
The achievable doping concentration in II-VI compound semiconductors is believed to be limited by dopant solubility and formation of compensating defects [5] . Copper is a common dopant used in CdTe solar cells to improve p-type conductivity. First-principle calculations indicate that Cu on a Cd site (Cu' Cd ) forms deep acceptors [6, 7] . However, copper also forms compensating donors on interstitial sites (Cu amounts of added copper, the formation of acceptors (Cu' Cd ) increases the p-type conductivity. At higher amounts of added copper, donor defects (Cu • i ) are formed in addition to the acceptors, reducing the net p-type conductivity. As a consequence, excessive copper amounts are detrimental to the resistivity and the hole density [8] . Additionally, the majority of Cu in solar cells is segregated at grain boundaries [5] . This can influence the minority carrier life time which is limited by recombination at bulk defects and at grain boundaries in the CdTe layer [9] .
We investigate here the strategy of alloying CdTe with an isovalent element to change its structural and electronic properties. Alloying CdTe with Se is expected to change its performance as a solar cell absorber material in several aspects [10] . With Se having the same number of valence electrons as Te, substitution of the two does not introduce dopant-like acceptor or donor defects, but it can influence the behaviour of dopants such as Cu. The formation energy of dopants can be changed in the ternary or quaternary alloy compared to the pure binary compound due to electronic and strain effects: For the CdTe 1-x S x system Ma and Wei predicted a bowing in the formation energy of the Cu' Cd defect, which causes an increased solubility of the defect in the alloy compared to the pure binary constituents [11] . Other effects of alloying are changes in the lattice constant, in the band gap, in the band alignment and in the solubility of dopants. The band gap especially was shown to decrease from 1.50 eV for CdTe to as low as 1.40 eV, potentially increasing the current of a solar cell. Thin film CdTe 1-x Se x undergoes a phase transition at around x = 0.6, from the cubic zinc blende structure of CdTe to the hexagonal wurtzite structure of CdSe. The transition composition can depend on deposition method and temperature [12] [13] [14] . We present samples with the zinc blende structure up to x = 0.5, with a decreasing lattice constant with increasing x that follows Vegard's law.
CdTe devices in superstrate configuration containing CdTe 1-x Se x have been investigated before. Poplawsky et al. [12] and Paudel and Yan [15] fabricated CdTe solar cells with CdSe as a window layer, which transformed into a CdTe 1-x Se x alloy layer due to interdiffusion. This window layer partially or completely replaced the traditional CdS window layer [15] . They showed that the reduced band gap of a CdTe 1-x Se x window layer translates to a gain in J SC , but completely replacing the CdS window layer results in a V OC loss. Swanson et al. [10] studied solar cells with a CdTe 1-x Se x layer between a Mg 0.25 Zn 0.75 O window layer and the CdTe absorber layer. They also reported an increase in J SC with a reduction in band gap.
In this paper, we investigate the properties of the CdTe 1-x Se x alloy with a focus on its influence on Cu doping. We measure the achievable charge carrier concentration and its dependence both on the alloy composition and on the amount of added copper.
Based on the results from optical and electrical measurements presented in this paper, we introduce the concept of a substrate configuration CdTe solar cell containing an absorber with compositional grading, which corresponds to grading of structural and electronic properties. Compositional gradings have been used in Cu(In,Ga)Se 2 solar cells for several years to achieve efficient carrier collection and reduced recombination [16] . More recently, this strategy has also been applied in perovskite solar cells [17] .
Experimental details
To investigate the properties of the CdTe 1-x Se x alloy, 5-10-µm-thick layers with x = 0-0. in an oxygen-containing ambient (240 mbar O 2 + 260 mbar Ar). On the standard sample without CdSe a second layer of CdS was subsequently deposited by CBD. The front contact ZnO/ZnO:Al was deposited by RF magnetron sputtering, followed by a fork-shaped Ni/Al grid (50 nm Ni/4 µm Al) deposited by electron beam evaporation. The cells were separated by mechanical scribing. The finished cells were annealed at 210°C for 10 min in air and then cooled to room temperature within 5 min on a copper plate.
The thickness of the CdTe 1-x Se x layers was measured with a KLA Tencor D-120 Stylus Profilometer (KLA-Tencor, Milpitas, CA, USA). X-ray diffraction in the range 2θ = 10°/20°-80°u sing CuK α radiation was performed with a Siemens D5000 X-Ray Diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with an acceleration voltage of 40 kV to determine the crystal structure and lattice constant. The optical band gap of the CdTe 1-x Se x layers was analysed by measuring the total optical transmittance and reflectance in the range of 300-1100 nm using a UV-VIS-NIR Spectrophotometer Shimadzu UV 3600 (Shimadzu Schweiz GmbH, Reinach BL, Switzerland) equipped with an integrating sphere. Bulk resistivity measurements were conducted at 25°C with the transmission line method in 4 terminal sensing. Hall measurements were conducted with an HMS 3000 Hall effect measurement system with the sample temperature controlled between 25-80°C.
Current density-voltage (J-V) measurements were conducted under standard testing conditions (AM1.5G, 1000 W/m 2 , 25°C, 4-terminal measurement). The external quantum efficiency (EQE) was measured using a monochromatic light beam chopped at 270 Hz produced with a halogen lamp and a monochromator, under white light bias illumination. The light intensity was calibrated using a calibrated c-Si reference solar cell.
Results and discussion
3.1. Structural and optical properties of CdTe 1-x Se x X-ray diffraction measurements were performed on 5-µm-thick co-evaporated CdTe 1-x Se x layers (see Figure 1 ). The structure was identified to be the cubic zinc blende structure of CdTe, which agrees with previous experimental studies [10, 18, 19] . Secondary phases originating from Te 2 Se 2 O 8 , SeO 2 , and Se 2 O 5 based phases [20] [21] [22] cause Bragg reflections at 2θ angles of 12.6°, 19.9°, 30.6°, and 34.2°in the samples with composition x = 0.1, 0.3, 0.4, and 0.5. The sample with x = 0.5 exhibits additional Bragg reflexes that could not be assigned yet.
At compositions of x = 0.3 and higher, peak splitting occurs in the Bragg reflections at 2θ = 40°and higher (see Figure 2 ). In literature XRD patterns of CdTe 1-x Se x no peak splitting was observed [10] . Peak splitting can be an indicator of reduced symmetry, for example a distortion of the cubic lattice in one direction, resulting in a tetragonal crystal structure. This is supported by the fact that the (111) peak is not split. A tetragonal distortion has not been reported for CdTe 1-x Se x . Another possible explanation for the peak splitting is the formation of multiple CdTe 1-x Se x phases with different chalcogen compositions.
The lattice constants of the samples with x = 0-0.2 were calculated from the positions of the seven Bragg reflexes indicated by the reference pattern and by using hkl indices assigned according to crystallographic data from Rabadanov et al [18] . For the samples x = 0.3 and 0.4, we assumed a small tetragonal distortion of the lattice. This transforms the (111) Bragg reflex of the zinc blende structure to a (011) Bragg reflex of a body-centred tetragonal structure, and by assuming only a small distortion the lattice constant c can be calculated, which is the equivalent to the lattice constant a in the cubic structure.
The lattice constants calculated from the XRD patterns of CdTe 1-x Se x with x = 0-0.4 are shown in Figure 3 , with the value for zinc blende CdSe taken from literature [23] . They follow Vegard's law with a linear dependence on x, with the smaller size of Se compared to Te causing a decrease in lattice constant. The values are in agreement with literature [10, 24] , reinforcing the hypothesis that the peak splitting is caused by a small lattice distortion and thereby reduced symmetry.
The optical band gaps of CdTe 1-x Se x layers with x = 0-0.5 were determined from integrated transmittance and reflectance measurements. The absorption coefficient was calculated with the Beer-Lambert law as α λ
À Á , with layer thickness d, transmittance T, and reflectance R. From the Tauc plot ((α*hν) 2 versus (hν), see Figure 4 ) the band gaps were extracted as the intercept of the linear fit with the x-axis. The values are presented in Figure 5 , with the value for x = 1 taken from literature [25] . A bowing of the band gap is observed, with a minimum of 1.40 eV at x = 0.3 where the band gap value is lower than for either parent compound. The band gap of pure CdSe is known to be 1.74 eV and only marginally depends on the phase [26] [27] [28] . A second-degree polynomial fit of the measured Figure 2 . Splitting of the 311 Bragg reflex of CdTe 1-x Se x thin films on glass substrate. The reference value for the CdTe peak is from [18] . values describes the composition dependence of the band gap. The polynomial fit function can be written as
with E G CdSe and E G CdTe as the band gaps of CdSe and CdTe, respectively, and the bowing parameter b = 0.78 eV. This agrees with the value of b = 0.75 calculated from first principles [27] and with experimental bowing parameters from literature that range from 0.59 to 0.92 [24, 29] . The band gap of an arbitrary composition x can be calculated using equation (1).
Partial densities of state calculated with a tightbinding method by Tit et al. [29] reveal that the valence band of the CdTe 1-x Se x alloy consists predominantly of anion states, while the conduction band consists of cation states. They found that the valence band states have lower energies for Se than Te, because Se is more electronegative than Te. This indicates that with decreasing Te content, the local density of states at the valence band edge decreases. The Tauc plots in Figure 4 show a change in slope between x = 0.2 and x = 0.3, which could be a result of this change in density of state of the valence band edge.
Electronic properties of CdTe 1-x Se x
Dopants with a different size than the host lattice can induce a strain on the structure. We investigate the case of copper, whose size is small compared to Cd. Consequently, a Cu' Cd defect in CdTe puts a strain on the lattice. A change in the lattice constant of the host lattice, as is shown here for CdTe 1-x Se x , can therefore reduce the strain that is induced by such a dopant, and can have an impact on the formation energy of the dopant defect, which in turn influences the solubility of the dopant [11] .
The electronic properties of CdTe 1-x Se x were analysed with resistivity measurements using the transmission line method (TLM) and with Hall effect measurements. CdTe 1-x Se x layers with x = 0-0.2 and varying copper content were investigated. To reduce the influence of grain boundaries on the electrical measurements they were performed on 10-µm-thick layers. The grain sizes scale with layer thickness, therefore the surface area of the grains relative to the surface area of the sample stays constant. As the majority of copper is segregated at the grain boundaries, the amount of copper per grain boundary is independent of layer thickness and we can give the added amount of copper per area instead of per volume of CdTe 1-x Se x . Before the resistivity and Hall effect measurements, the layers were annealed at 210°C for 10 min with subsequent rapid cooling on a copper plate (quenching). Previous measurements [5] have shown that quenching decreases the resistivity in CdTe by an order of magnitude probably due to a supersaturation of Cu' Cd in the CdTe bulk. This supersaturation decays exponentially within hours at room temperature [5] . Each sample was quenched separately, the TLM measurements were performed within 2 h after quenching, and the Hall effect measurements were performed within 3 h after quenching. Cu atoms/cm 2 are added. The x = 0.2 sample has a maximum in resistivity in the same range of added Cu. In the sample with x = 0.08, the resistivity increases by several orders of magnitude if less than 0.5×10 15 Cu atoms/cm 2 are added. Overall, we observe a resistivity increase with increasing x in the TLM measurements, with an order of magnitude difference between pure CdTe and CdTe 0.8 Se 0.2 . Figure 6 (b-d) show the resistivity, charge carrier concentration, and mobility determined by Hall effect measurements for CdTe 1-x Se x layers with x = 0-0.2 with a varying amount of copper doping. The measurements were performed at 70°C in darkness. Due to the high resistivity caused by reduced charge carrier concentration, reliable measurements at lower temperatures were not possible for CdTe samples containing Se.
As a function of copper concentration, a clear minimum in resistivity is observed for pure CdTe in the range of (2-4)×10 15 copper atoms/cm 2 added to the surface during the doping step. The charge carrier concentration of this sample is highest with the addition of around 1.6×10 15 copper atoms/cm 2 . This is comparable to previous results, where the formation of acceptor defects (Cu' Cd ) was assumed to be responsible for increasing carrier concentration at low Cu content, and the additional formation of compensating donors (Cu • i ) at higher Cu content reduced the net p-type conductivity [8] . The mobility has a minimum value in the range of (0.5-2)×10 15 copper atoms/cm 2 , with an increase for higher copper values.
In the Se-containing CdTe samples, little dependence on the copper concentration is observed in the investigated range for the x = 0.1 and x = 0.2 samples. In the x = 0.2 sample, a maximum in resistivity can be seen if around 2×10 15 copper atoms/cm 2 is added to the surface during the doping step, comparable to the TLM measurements. With less than 0.8×10 15 copper atoms/ cm 2 added, the resistivity of the x = 0.08 sample increases, in agreement with the TLM measurements ( Figure 6(a) ).
An increase in charge carrier concentration for Secontaining CdTe samples is observed with decreasing copper concentrations with less than 3×10 15 copper atoms/cm 2 added. With addition of less copper than 0.6×10 15 copper atoms/cm 2 , the charge carrier concentration decreases rapidly. We find that there is a peak in the charge carrier concentration similar to the pure CdTe, but shifted to lower copper concentrations. The mobility values decrease in the range of (0.5-2)×10 15 copper atoms/cm 2 added to the sample surface, with an increase again at lower copper values for x = 0.08.
Overall, the resistivity values measured with Hall effect measurements behave like the values measured with TLM, with increasing values for increasing Se content. The mobility is similar for all x values, with a minimum value in the range of (0.5-2)×10 15 copper atoms/cm 2 added to the surface during the doping step. At copper contents higher than this, the mobility of all samples increases by about an order of magnitude. At copper contents lower than the mobility minimum value, a sharp increase in mobility is observed for the x = 0.08 sample. The majority of copper is segregated at the grain boundaries, where it is involved in passivation of defects. DFT calculations show that both Cu' Cd and Cu • i can be formed at the grain boundaries [31] . These defects have the opposite effect on mobility as they have on charge carrier concentration: at small Cu concentrations, the Cu' Cd defect is formed, which appears to have a detrimental effect on mobility. At higher Cu concentrations, the Cu' Cd defect might be saturated and the compensating Cu
• i defect is formed, increasing the mobility again. However, the carrier transport in solar cells is parallel to the grain boundaries and not perpendicular; therefore, the effect of Cu doping on the mobility deduced from Hall effect measurements is not necessarily relevant for the behaviour of solar cells.
For the investigated range of copper addition, the charge carrier concentration is lower in the CdTe samples that contain Se than in pure CdTe. The x = 0 sample shows a clear peak in charge carrier concentration with 1.6×10 15 copper atoms/cm 2 added to the sample. The measurements indicate a similar peak in the Se-containing CdTe samples, but shifted to lower amounts of added copper atoms. We assume that this peak in carrier concentration is due to the formation of acceptor defects at low Cu content and additional formation of compensating donors at higher Cu content. However, if the peak values at optimum copper amounts are compared, the carrier concentration for x = 0.1 is almost an order of magnitude lower than for x = 0. This indicates that either the solubility of Cu is reduced in CdTe 1-x Se x compared to CdTe, or that the formation energy of the compensating donor Cu
• i is lower in CdTe 1-x Se x , limiting the net p-type conductivity more than in CdTe.
Hall measurements imply that (in the composition range investigated here) the CdTe 1-x Se x alloy alone cannot be used to increase the majority carrier concentration and thereby increase the V OC of solar cells. Further investigations are needed into the role of other alloys and dopants. Alloying CdTe with Se can, however, be used to locally engineer the band gap and the doping concentration in the absorber of a solar cell, thereby yielding device structures that can not be realised with pure CdTe.
Application in a substrate configuration solar cell
We fabricated solar cells in substrate configuration with energy band gap grading in the absorber layer towards the CdS window layer. To achieve this grading a CdSe layer was evaporated on top of the CdTe layer, and during subsequent CdCl 2 treatment the CdTe 1-x Se x alloy was formed. The stack was then doped with 1×10 15 copper atoms/cm 2 . CdS window layers with various thicknesses (see Table 1 ) were deposited. The standard procedure for state-of-the-art CdTe solar cells in substrate configuration is to deposit 60 nm CdS, followed by a CdCl 2 treatment and subsequently a second 60-nmthick CdS layer. For the samples with reduced CdS thickness, the first CdS layer was deposited with CBD followed by a CdCl 2 treatment. In this case, no second CdS layer was applied. The cells were finished following the procedure described in the experimental section.
Alloying at the front surface was chosen in order to have a lower band gap in the space charge region, where good collection is expected, to serve as a proof of concept of the influence of a smaller band gap at the front to enhance the spectral response in the NIR. Considering the results from the Hall effect measurements, the doping concentration is expected to be lower in the CdTe 1-x Se x layer than in CdTe and the space charge region width is therefore expected to be larger. The consequence is a higher absorption in the space charge region and less absorption in the undepleted (quasi-neutral) region, leading to a better collection of photogenerated charge carriers. With the interdiffusion of a thin CdSe layer and the CdTe absorber, a continuous composition gradient is formed at the front of the absorber. This avoids the formation of a step in the gradients of band gap and carrier concentration, which might occur if a CdTe 1-x Se x layer were co-evaporated on CdTe.
As reported by Kranz et al., standard processing of CdTe solar cells in substrate configuration requires a thick CdS window layer to avoid V OC and fill factor losses due to the formation of pinholes in the CdS layer [32] . By changing the front layer of the absorber, these effects can be mitigated and the CdS layer thickness can be reduced.
Results from J-V measurements are shown in Figure 7 . The values for the best cells are presented in Table 1 , with the J SC calculated from the external quantum efficiency measurement. The JV and EQE 2 versus hν and using the intercept of the linear fit with the x-axis.
From the band gap, the composition of the CdTe 1-x Se x alloy can be estimated by using the fit curve from Figure 5 . The result is a maximum value of x = 0.14 for the sample with 50 nm CdSe and 60 nm CdS, and x = 0.17 for the sample with 60 nm CdSe and 30 nm CdS. The charge carrier concentration in the alloy layer is therefore expected to be about an order of magnitude lower than in the CdTe absorber that makes up the bulk of the cell, increasing the width of the space charge region.
The standard CdTe sample shows a low EQE in the short-wavelength region (see Figure 9 ) due to the parasitic absorption of the double CdS layer. While omitting the second CdS layer reduces this parasitic absorption, it is detrimental to V OC and fill factor, as can be seen in the Se-free samples in Figures 7 and 8 . Previously reported results show that a single layer of CdCl 2 treated CdS forms pinholes, giving a direct contact between CdTe and ZnO [32] .
In the samples with Se grading at the front surface of the absorber the V OC and fill factor values are higher than in the CdTe sample with a single CdS layer, indicating that the problem of pinholes is mitigated. The CdS layer thickness can even be reduced to 30 nm without significant fill factor loss.
The V OC is influenced by several factors: We expect the lower band gap and lower carrier concentration in the alloyed absorbers to reduce the V OC . This can explain the V OC difference between the standard CdTe solar cells and the graded absorbers. The V OC in the graded absorbers is higher than in the single CdS layer CdTe solar cell, which indicates that the V OC loss caused by pinholes in a single CdS layer is diminished.
The short-wavelength region of Figure 9 shows the influence of the CdS thickness and its parasitic absorption on the J SC . For the cells with a single CdS layer the reduced parasitic absorption compared to the double CdS layer cell results in a J SC increase of 1.4 mA/cm 2 . A further reduction of the CdS layer to 30 nm increases the J SC in this region by another 1.8 mA/cm 2 . The long-wavelength region of the EQE shows the J SC increase due to the reduced band gap of the CdTe 1-x Se x alloy. In this region, the J SC of the CdTe 1-x Se x containing solar cells with band gaps of 1.44 eV and 1.43 eV, respectively, are 1.1 and 1.7 mA/ cm 2 higher than the standard CdTe solar cell.
A maximum J SC value of 25.6 mA/cm 2 is achieved, which offsets the losses in V OC caused by the grading, resulting in an increased device performance.
Conclusions
The structural, optical, and electronic properties of the CdTe 1-x Se x alloy were investigated. The lattice constants of co-evaporated thin films follow Vegard's law and decrease with increasing x. A bowing of the optical band gap was observed with a minimum of 1.40 eV around x = 0.3.
We show that alloying CdTe with Se changes the effect of Cu doping on the p-type conductivity. The resistivity of the CdTe 1-x Se x alloy is higher compared to the CdTe compound, which directly relates to a lower achieved carrier concentration with increasing x. In the alloy with x = 0.1, the charge carrier concentration is almost an order of magnitude lower than in CdTe. As shown previously, the charge carrier concentration of CdTe is highest with the addition of around 1.6×10 15 copper atoms/cm 2 . A similar peak in charge carrier concentration is found for the CdTe 1-x Se x alloy, but shifted to lower copper concentrations.
We fabricated solar cells with compositional, structural, and electronic grading towards the front surface by introducing a CdTe 1-x Se x layer. The lower band gap in the space charge region results in an increased J SC compared to CdTe devices. Additionally, the device performance is improved by a thinner CdS layer. A CdTe 1-x Se x layer at the CdS/CdTe interface mitigates the formation of pinholes in the CdS layer and the associated losses in FF and V OC . The parasitic absorption of the CdS is reduced with a thinner layer, also resulting in an increase in J SC .
These findings show that CdTe 1-x Se x can be used to fabricate solar cells with increased photocurrent coupled with the possibility of introducing doping gradients into CdTe 1-x Se x solar cells.
